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Abstract
A number of Swampland conjectures and in particular the Trans-Planckian Censorship
Conjecture (TCC) suggest that de Sitter space is highly unstable if it exists at all. In this
paper we construct effective theories of scalars rolling on potentials which are dual to a chain
of short-lived dS spaces decaying from one to the next through a cascade of non-perturbative
nucleation of bubbles. We find constraints on the effective potential resulting from various
swampland criteria, including TCC, Weak Gravity Conjecture and Distance Conjecture.
Surprisingly we find that TCC essentially incorporates all the other ones, and leads to a
subclass of possible dual effective potentials. These results marginally rule out emergence of
eternal inflation in the dual effective theory. We discuss some cosmological implications of
our observations.
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1
1 Introduction
One of the major challenges facing present-day cosmology is understanding the nature of the
observed dark energy. The simplest model is to assume that the dark energy is the energy of
the minimum energy state of a theory. An example of this is represented by scalar fields with a
potential. In such a scenario the minima of such scalar potential, if such points exist, would
be (meta)-stable solutions to dark energy, leading to de Sitter spaces which seem to be a good
approximation to the cosmological observations. Whether such a scenario would be absolutely
stable or only metastable would depend on whether there are lower values of energy at other
points in field space.
Such a simple picture seems to be difficult or impossible to obtain in string theory, which
has led recently to several swampland conjectures quantifying this difficulty. The dS swampland
conjecture [1] states that the slope of the potential |V ′|/V cannot be too small. Its refinement
[2–4] states that this can only be violated in unstable dS spaces where V ′′ < 0 and is sufficiently
large (compared to V ). These conjectures would forbid metastable dS spaces to exist. Another
swampland conjecture, Trans-Planckian Censorship Conjecture (TCC) [5] which broadly leads
to the dS swampland conjecture (with more specific bounds for the slope of the potential), is
less restrictive, and in particular does allow for the existence of metastable dS spaces, as long as
their lifetime is short. The short-lived dS spaces decay by transitioning to a state with lower
energy. In this paper, we study the consequences of such short-lived dS spaces. In particular,
we consider a sequence of transitions from one metastable dS space to the next, nucleated by
membranes, and capture this in terms of a dual effective theory of a scalar whose rolling in
discrete steps captures these transitions.
The transitions between nearby dS vacua are severely restricted by swampland conditions.
In particular, TCC puts a strong upper bound on the lifetime of such a transition. Additionally,
we can ask how do other swampland conjectures such as the Weak Gravity Conjecture (WGC)
restrict the possibilities. Indeed WGC leads to the statement that the tension of the membranes
which nucleate the decay cannot be too large. Surprisingly, we find that the fast decay implied
by TCC already implies this as a consequence. Moreover, TCC leads to light enough membranes
which in some limits can be viewed as localized excitations. For sufficiently small cosmological
constant the generalized distance conjecture leads to predictions of the mass of the tower of such
light states. We find that the TCC is again compatible with this prediction. This interwoven
relationship between different Swampland conjectures which is also seen in many other contexts
is indeed reassuring.
One could ask whether the resulting dual effective potentials that emerge are of the generic
type allowed by TCC or the fact that they are generated by dS transitions makes them more
restrictive. Indeed we find that they are more restrictive. In particular eternal inflation which
naively is compatible with TCC is marginally ruled out as being dual to such transitions. This
points to the possibility that eternal inflation is never allowed and is in the swampland as has
been suggested in [6].
The organization of this paper is as follows: In section 2 we review the membrane dynamics
which lead to decays of the dS space. We also derive effective dual potentials capturing such
transitions. In section 3 we apply WGC and TCC to the membrane dynamics. In section 4 we
study the emergent potential and study its properties, and in particular, observe that eternal
inflation is not compatible in this dual formulation. In section 5 we discuss the cosmological
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implications of our observations. In section 6 we end with some conclusions. Some of the
technical aspects are presented in the appendices.
2 Membrane nucleation in metastable de Sitter
The basic point of this paper is to study Swampland constraints in a de Sitter space whose
cosmological constant changes via non-perturbative membrane nucleation processes. So we
first need to understand how this process takes place, and how it translates to an “effective
potential”. We do both things in this section, relegating most details to the appendices.
2.1 Review: Thin-wall membrane nucleation
Let us assume the existence of some metastable de Sitter vacuum. This vacuum should eventually
decay to some lower energy configuration. The most standard decay channel is via Coleman-
de-Luccia bubble nucleation [7, 8], in which a bubble of true vacuum nucleates inside the false
vacuum and starts expanding in an accelerated fashion, almost at the speed of light. This is a
non-perturbative semiclassical instability whose transition rate can be estimated in terms of a
Euclidean instanton solution,
Γ = P e−S (2.1)
where S is the euclidean classical instanton action and P is some prefactor involving the quantum
fluctuations. For the bounce solution to exist, the bubble needs to nucleate with a critical radius
R such that the cost of energy of expanding the bubble (the surface tension) is smaller than the
energy gain associated with the difference of energies outside and inside the bubble. The result
for S and P can be computed in the thin wall approximation, which neglects the physical width
of the domain wall in comparison to its critical radius. This is done in appendix A, while here
we will only present the results when gravitational corrections are negligible1.
The critical radius R of the bubble in de Sitter is given by
(RH)2 ' 1
1 + (R0H)−2
, R0 =
T
∆Λ
(2.2)
where H = Λ1/2 is the Hubble scale and throughout the paper, we will be working in Planck
units. Here T is the tension of the domain wall and ∆Λ is the difference of vacuum energies on
the two sides of the bubble. Note that R is smaller than the Hubble length, R ≤ H−1, and that
in the flat space limit where H → 0 we get R = R0. The instanton action in (2.1) is given by
S ' T
H3
w(R0H) ,
w(q)
2pi2
=
1 + 2/q2»
1 + 1/q2
− 2
q
(2.3)
while the instanton prefactor, up to order one factors, reads
P ' T 2R2 ' T
2R20
1 + (R0H)2
(2.4)
1Gravitational corrections are negligible when the tension os the bubble T is much smaller than the Hubble
scale
√
Λ in Planck units. This approximation will be sufficient for this paper, as we will see that larger values of
T are not consistent with the swampland constraints.
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More details of the computation of the prefactor can be found in [9]. Due to the gravitational
effects, it is also possible to have up-tunneling in de Sitter space, but it is much more suppressed
if ∆Λ < Λ (see appendix A).
In the flat space limit, i.e. when the critical radius of the bubble is much smaller than the
Hubble scale, the instanton action and prefactor can be approximated by
S ' 2pi
2T 4
∆Λ3
, P ' T
4
∆Λ2
(2.5)
while R ' R0.
Our analysis will be mostly in the thin wall approximation, which we just described. In the
opposite limit, when the membrane becomes very thick, there is a decay channel known as the
Hawking-Moss transition [10], which dominates over the thin wall Coleman-de-Luccia bubble
nucleation. While we focus on the thin wall approximation, we can also put some constraints on
the Hawking-Moss scenario, which we describe in appendix C.
We finish the review with a couple of comments. In subsequent sections, we study a sequence
of successive mild tunnelings that could be effectively described by a smoothly evolving scalar
field with a potential. This can be a good approximation only if we assume that the physical
observables do not drastically change from one vacuum to the next. Because of that, in the
following, we focus on cases where the de Sitter minimum decays to a less energetic nearby local
de Sitter minimum with positive energy. This, in particular, implies that
∆Λ < Λ. (2.6)
Depending on the model, this process could be repeated multiple times, going through different
metastable dS vacua until reaching either an AdS supersymmetric vacuum or decaying to
nothing2.
In both cases, we expect a drastic change of the physical observables, either by suffering a
Big Crunch or because the vacuum annihilates to nothing. In fact, a drastic change when ∆Λ
becomes of order Λ is also motivated by a generalization of the swampland distance conjecture
applied to the space of metric configurations [13] since the flat space limit Λ→ 0 is at infinite
distance in this field space. Therefore, we will not discuss these final transitions here but focus
on the chain of CdL transitions that will discharge the positive vacuum energy little by little,
but staying on a quasi-de Sitter phase and assuming that the physics does not significantly
change in the process.
Let us finally remark that in the following we will use the above Coleman De Luccia formulae
even if the action (2.3) is of order one and there is no exponential suppression. This is justified
because the coupling of the domain wall is small, as argued in detail in appendix A.
2.2 The effective potential
We have just discussed the dynamics of a universe in which bubbles nucleate and expand in an
accelerated fashion. But what precisely does a single observer see, on average? Sitting at the
2It has been shown in certain setups of AdS flux vacua [11] that there is an alternate decay channel where all
of the flux is eaten up all at once and spacetime just ends at a “bubble of nothing”. It would be interesting to
study if the bubble of nothing in dS can also be understood as a limiting process of the thin-wall transitions we
are describing here, and whether this can be used to put an interesting upper bound on the decay rate of a de
Sitter vacuum.
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center of her very own static patch, things will not change much and will look approximately de
Sitter, until she is hit by a bubble, which nucleated somewhere else.
After the bubble hits, the vacuum energy has changed by a little bit. Averaging over many
transitions, we can replace these discrete jumps in the value of the cosmological constant by
an effective scalar φ with a potential V (φ). The characteristics of this potential are in turn
determined solely by the fundamental parameters of the membrane picture, T and ∆Λ.
This allows us to connect directly with the usual quintessence/slow-roll inflation literature,
and indeed, over large distances and times the two descriptions are interchangeable3.
A detailed derivation of the potential can be found in appendix B. The basic idea is that to
compute the vacuum energy one only needs to compute how many bubbles reach the observer
per unit time. At first, it would seem one needs to integrate the bubble production rate over the
past lightcone of the observer. However, a bubble will not reach the observer if it hits another
bubble and annihilates with it first. As a result, we only need to integrate the bubble production
rate over some spherical effective volume Veff. Thus, the number of bubbles per unit of proper
time is
dN
dt
= ΓVeff. (2.7)
Equation (2.7) is all we needed to compute the potential explicitly since
dV
dt
= ∆Λ
dN
dt
= ∆ΛΓVeff ∼ (V
′)2√
V
, (2.8)
where the last equality is a slow-roll expression. That is, we assumed that the vacuum energy
can be described by a slow-rolling scalar with potential V (φ), and then equated the slow-roll
expression for dV/dt from what we get from membranes. Rearranging, one getsÇ
V ′
V
å2
∼ ∆Λ
Λ3/2
ΓVeff, (2.9)
which determines the potential completely once we know Veff. A detailed derivation of this
effective volume can be found in appendix B (see (B.15) for the general result for Veff.). Here,
we will only note the two limiting cases that are relevant for our constraints:
• It is intuitively obvious that Veff cannot grow larger than the Hubble horizon. In case that
Veff is this large, we find
V ′
V
=
∆Λ1/2
Λ3/2
Γ1/2. (2.10)
This corresponds to the case where collisions are rare (Γ H4) and basically all membranes
which are produced in the past lightcone reach the observer.
• On the other hand, when the critical radius is much smaller than the Hubble scale and
collisions are common (Γ H4), the effective volume is determined by the distance to
the closest nucleating event, which is of order Γ−1/4. So in this case
V ′
V
=
∆Λ1/2
Λ3/4
Γ1/8. (2.11)
3There are two main differences with the standard picture: at short enough times or length scales, the changes
in the vacuum energy are discrete as we just discussed; and as we will see later on, we cannot get just any V (φ)
from the membrane perspective; the potential gets additional constraints.
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So to sum up, we have membranes that discharge the background cosmological constant, and
a convenient description in terms of an effective potential. Without any further assumptions,
this could take a very long time, the effective potential would be extremely flat, and the de
Sitter could be extremely long-lived. In this paper, we will see that Swampland conditions such
as TCC and WGC place constraints on just how fast these decays can happen.
3 Swampland constraints on bubble nucleation
The goal of this section is to investigate the swampland constraints on the decay rate of bubble
nucleation in metastable de Sitter vacua. We will see that, in particular, the Weak Gravity
Conjecture and the Transplanckian Censorship Conjecture imply non-trivial constraints on the
properties of the bubbles/membranes. It will be very convenient from now on to parametrize
the scaling of the tension of the bubble and the difference in the vacuum energy in terms of Λ
as follows,
T ∼ Λα , ∆Λ ∼ Λβ. (3.1)
For the time being, we can think of α, β as constants although we will later allow them to
depend on Λ as well.
3.1 The Weak Gravity Conjecture
The Weak Gravity Conjecture [14] states that, given a theory with a p-form gauge field weakly
coupled to Einstein gravity, there must exist an electrically charged state satisfying
γ T ≤ Q (3.2)
where Q = gpq is the physical charge (including the gauge coupling gp), T is the tension and γ
is the charge to tension ratio of an extremal black brane in that theory. We will be applying this
to a codimension-1 object, a membrane coupled to a 3-form gauge field with gauge coupling g3.
The interpretation of the WGC for codimension-one objects is a bit subtle as the backreaction
of these objects is very strong and destroys the asymptotic structure of the vacuum. Hence,
they should not be understood as normalizable states around a given vacuum but rather as
defects sourcing localized EFT operators [15]—a perspective that has been recently analyzed
in [16] in relation to the Swampland conjectures—. The 4d backreaction away from the object
translates then into a classical RG flow to low energies that makes the tension scale-dependent.
In this paper, we will assume that the WGC applies to any energy scale and will impose the
WGC to the domain wall solutions in the IR (an approach already taken in [17] when using the
WGC to argue for a bubble instability for any non-supersymmetric vacuum).
In order to apply the WGC to the domain walls, we are assuming that the CdL bubble
nucleation corresponds to a Brown-Teitelboim transition [18] in the sense that the domain
wall contains a localised membrane on its core charged under a 3-form gauge field. This is
characteristic for example of vacua arising from compactifications with internal fluxes. When
crossing one WGC domain wall of quantized charge q, the quantized background 4-form field
strength F4 changes by q units. Since this field strength parametrises the vacuum energy, the
charge of the domain wall roughly corresponds to the difference of vacuum energies in the
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tunneling transition. Consider for instance a single 3-form, with a (possibly field-dependent)
gauge coupling g3. The vacuum energy is such that the potential reads
Λ =
1
2
g23n
2. (3.3)
We allow g3 to depend on n polynomially, and assume that any other contribution to the
vacuum energy is subleading with respect to (3.3). Then, one has that
Q = g3 ∆n ' ∆(
√
Λ). (3.4)
By plugging (3.4) into (3.2) we get that the WGC for domain walls implies
T . ∆Λ
Λ1/2
(3.5)
where we have assumed that the variation of vacuum energy is small. We have also neglected
an order one factor coming from the extremality factor γ in (3.2) as we will only be interested
in the scaling of the tension with the vacuum energy. Upon using (3.1), the above inequality
translates into the following constraint on α, β,
α− β + 1
2
≥ 0 . (3.6)
It is interesting to note that (3.5) is equivalent to imposing R0 . H−1 where R0 is the flat space
radius defined in (2.2). Recall from section 2 that the decay rate can be written as a function
of two variables, T and R0 in Hubble units. The WGC bound R0 . H−1 makes the instanton
action small, so ameliorates the exponential suppression, but also decreases the prefactor, as can
be checked using (2.3) and (2.4). Hence, for a given value of the tension, the WGC implies an
upper bound on the decay rate of bubble nucleation. This is reminiscent of the situation in [19],
where WGC-like considerations led to an upper bound on how fast black holes should decay.
3.2 Transplanckian censorship conjecture
dS space seems to be difficult to realize in controllable regimes of String Theory. An example
of this tension is a class of no-go theorems that forbid a metastable dS in the asymptotic of
the field space which motivated the dS Swampland conjecture [1] (for related Swampland ideas
see [2–4,20–26,13,19,16] ). This key observation has led to multiple Swampland conditions that
aim to find a more general principle that could explain the tension between the dS space and
consistent quantum theories of gravity. One of such Swampland conditions, the Trans-Planckian
Censorship Conjecture (TCC), states that the expansion of the universe must slow down before
all Planckian modes are stretched beyond the Hubble radius [27]. If TCC gets violated, the
Planckian quantum fluctuations exit the Hubble horizon, freeze out and classicalize which
is, at the very least, strange. A variety of non-trivial consequences of TCC for scalar field
potentials were studied in [27] and shown to be consistent with all known controllable string
theory constructions. In this paper, we will not enter into motivating the TCC, but simply
study its implications for the case of metastable de Sitter vacua in more detail. A survey of the
motivations for TCC can be found in [28].
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For metastable de Sitter spaces where the Hubble parameter stays constant, the TCC imposes
an upper bound on the lifetime as follows [27],
τ . 1
H
1
log(1/H)
. (3.7)
We will be referring to this upper bound as the TCC time τTCC . In the rest of this paper, we
focus on the leading terms in our computations and will ignore the logarithmic correction factor
above. We will come back and discuss the effect of the subleading corrections in subsection 4.4.
Let us now study the consistency of the TCC with the CdL decay mechanism reviewed in
section 2. In particular, we will momentarily see that thin-wall tunneling could be consistent
depending on the characteristics of the domain wall. In appendix C we also discuss the Hawking-
Moss transition to show that when it is the dominant decay channel it is (marginally) inconsistent
with the TCC.
In section 2.1 we provided Γ = Pe−S in terms of T and ∆Λ for thin-walls. By plugging (3.1)
into (2.3) and (2.4), we find the TCC takes the following form in terms of α and β,
Γ > H4 → Λ
4α−2β−2
1 + Λ2α−2β+1
exp
Ä
−Λα−3/2w(Λα−β+1/2)
ä
& 1. (3.8)
When Λ is very small, the above inequality can be approximated by
Λ4α−2β−2 exp
Ä
−Λ4α−3β
ä
& 1, (3.9)
which can also be derived by using the flat space approximations for P and S in (2.5).
3.3 Constraints on domain walls
In the previous two subsections, we discussed how the Swampland conditions could be applied
to the domain walls. In this subsection, we combine those results and perform a systematic
study of what domain walls belong to the Swampland.
Figure 1 shows how the WGC (eq. (3.6)) and the TCC (eq. (3.8)) constrain the values of α
and β which characterize thin-walls to lie in a confined blue region. We only present the results
β > 1 as this is implied by (2.6), taking into account that in Planck units Λ < 1. An interesting
feature is that TCC imposes a stronger constraint than WGC; in other words, in most of the
parameter space, TCC implies WGC for domain walls. There is a region near (2, 3/2) where the
two curves intersect. Which one imposes the stronger constraint is sensitive to O(1) factors; we
will comment on these in section 4.4.
The boundary of the blue region, which represents the TCC condition (3.8), does not have
a simple analytic form in α and β for a general Λ. However, for exponentially small values
of Λ, such as would be in our universe, the blue region given by Γ = Pe−S & H4 can be well
approximated by a triangle whose boundaries can be easily determined by looking at (3.9), from
which we can extract P ' Λ4α−2β and S ' Λ4α−3β. The triangle is delimited by two lines, one
corresponding to P & H4, and another to S . O(1) to eliminate the exponential suppression,
as follows
S ≤ 1 → 4α ≥ 3β, (3.10)
P ≥ H4 → 4α− 2β ≤ 2 (3.11)
8
These two lines provide a fairly accurate envelope of the numerical blue region if Λ is very small,
except for the region at the tip of the triangle. The point where the triangle almost touches the
WGC line corresponds to eternal inflation potentials, as we will discuss in more detail in section
4.3.
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Figure 1: Allowed regions in the (α, β) plane for Λ = 10−120. The left hand side of the red line
is allowed by the WGC for membranes (3.6), while the light blue region corresponds to the
TCC allowed region (3.8). The purple region corresponds to V ′/V > 1 and points above the
horizontal dotted line have T ≤ Λ3/2, which are disfavoured by the Higuchi bound and Distance
Conjecture.
We also note in passing that for the whole approach to be valid, we should impose that the
radius of the bubbles is above the cutoff of the EFT. Choosing the cutoff to be at the Planck
scale, this just removes the point (α, β) = (1, 1), as all the bubbles inside the blue region have a
subplanckian radius. Lowering the cutoff from the Planck scale to e.g. GUT scale would remove
a very small region around this point, but this does not affect our constraints very much and
the qualitative features of the plot remain unaltered.
We have also added a few more lines in figure 1. First, the horizontal dotted grey line
represents membranes with T = Λ3/2. In the next section, we will provide some arguments that
motivate us to only allow membranes below this line. Finally, we have highlighted in purple
the region corresponding to V ′/V > 1 by using the full derivation of the effective potential in
terms of the decay rate in (2.9). This region is excluded by observational constraints in our
universe. The line bounding this region and the rest of the blue triangle can be simply derived
from (2.11), which is a good approximation since Γ > H4 inside the blue region. Hence, by
plugging Γ ' P ' Λ4α−2β into (2.11) we get
V ′
V
= 1 → 2α+ β
4
− 3
4
= 0 . (3.12)
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3.4 Comments on Higuchi bound and Distance Conjecture
In figure 1 we have drawn a horizontal dotted line at the value associated with T = Λ3/2. Here we
will provide three different arguments in favor of imposing α ≤ 3/2 which, even if not completely
conclusive, motivates this upper bound. These arguments involve (1) the breakdown of effective
field theory (2) applying Higuchi bound to the membrane and (3) the application of membrane
excitations as leading to light states predicted by the generalized distance conjecture [13]. Note
that the combination of this upper bound with the WGC constraints implies a finite region on
the (α, β)-plane, which implies by itself an upper bound on the decay rate (independently of the
TCC). Interestingly, this upper bound is a bit less restrictive but still consistent with the TCC.
Our domain wall solutions contain fundamental membranes on their core, which mediate
transitions between different flux vacua. Often in string compactifications, the domain wall solu-
tions involve additional scalar fields which get a nontrivial profile in the membrane background.
If we go high up in energies, the membranes can be seen as localized free objects with a tension
Tmem which can differ from the tension of the domain wall due to the contribution from the scalar
flow driven by the membrane backreaction, so that T ≥ Tmem. For the semiclassical description
of these membranes not to break down, we need the tension to be above the cut-off of the EFT,
Tmem ≥ Λ3/2cutoff [16]. Otherwise, it would not be possible to describe the membrane within a local
EFT. Since this cut-off is associated with the membrane sector, it can be disconnected from the
SM of particle physics and could, in principle, take any value. However, it seems reasonable to
impose that it is above the Hubble scale in an expanding universe, Λcutoff > H.
Hence, we get that Tmem ≥ Λ3/2 so there is a lower bound for the membrane tension in
terms of the cosmological constant, which in turn implies a lower bound for the domain wall
tension in the IR as T ≥ Tmem ≥ Λ3/2, implying
α ≤ 3/2 . (3.13)
This is also consistent with the fact that in dS space, any mass scale less than Hubble is physically
not measurable in the current phase of the universe. In other words, having the mass scale
associated with the membrane T 1/3 ≤ Λ1/2 will be unobservable. So we may as well restrict
to α ≤ 3/2. To sum up, as long as the domain wall has a fundamental membrane on its core
which can be described semiclassically with a local EFT, and the EFT cut-off is bigger than the
Hubble scale, then one needs to impose (3.13). Of course, not every CdL transition needs to
have the interpretation of a Brown-Teitelboim flux transition with a fundamental semiclassical
membrane on its core, but otherwise, the justification of applying the WGC to the domain walls
is less clear. If the membrane cannot be described semiclassically, then the EFT is non-local
and it is not clear how to even start defining a charge under a gauge field and how to apply the
WGC then.
The second argument comes from applying the Higuchi bound to the membranes. First of
all, notice that it is not possible to apply the Higuchi bound directly to the IR domain walls,
as the membranes are confined and the mass scale of the excitation modes is not associated
with T 1/3. In fact, if the bubble is expanding, the volume contribution in E ∼ TR2 −∆ΛR3
dominates over the tension surface, and the modes are tachyonic as they are describing a vacuum
instability. However, it is possible to apply the Higuchi bound to the localized membranes at
the core of the domain walls as long as the relevant energy scale is above the confinement scale
and they behave as free objects. Indeed, the condition Tmem ≥ Λ3/2cut−off guarantees that there is
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a regime in energies in which very small spherical membranes behave as semiclassical unstable
particles with a lengthscale at least of the order of their Compton length lc ∼ T−1/3mem .
In other words, there are small unstable pockets that contract as soon as they are formed,
with an energy that it is well approximated by E ∼ Tmeml2c ∼ T 1/3mem since Tmeml2c  ∆Λ l3c if
Tmem ≥ Λ3cutoff and ∆Λ  Λcutoff4. By applying the Higuchi bound to these small spherical
membranes, we get that T
1/3
mem ≥ Λ1/2 implying again (3.13).
The last argument is more a proposal for an interpretation of the role of these membranes
in case they satisfy (3.13). Interestingly, these membranes are candidates to fulfill the AdS
Distance Conjecture in de Sitter space [13]. The conjecture states that there should an infinite
tower of states with a mass of order
m ∼ Λδ (3.14)
since the flat space limit Λ → 0 is at infinite distance in the space of metric deformations.
In de Sitter space, the Higuchi bound forces δ to be δ ≤ 1/2, which is equivalent to having
Tmem ≥ Λ3/2. The conjecture does not specify what is the origin of the tower of states. In
AdS space, they usually correspond to particles, KK towers for concreteness, underlying the
absence of scale separation typically observed in AdS vacua. An interesting possibility is that,
in de Sitter space, the tower of states comes from membranes and it is, therefore, eventually
underlying the instability of these vacua. We could turn the argument around and say that, if
the membranes provide the states satisfying the AdS Distance Conjecture, then they need to
satisfy (3.13).
4 Emergent Potential and the Swampland
In the previous section, we studied how the Swampland conditions constrain the domain wall
parameter space. As we saw in subsection 2.2, successive tunnelings between neighboring vacua
can be effectively described by a smooth rolling of an emergent scalar field in a potential. We can
either apply TCC in the membrane perspective or directly to the emergent effective potential
without taking its microscopic origin into account. We will find that the membrane perspective
leads to a restrictive class of emergent potentials that could not be obtained otherwise. This
seems to extend the meaning of TCC and in particular, leads to essentially forbidding eternal
inflation.
4.1 Flat potentials and TCC
The TCC implies the general statement that a quasi-deSitter phase cannot last more than
1
H ln(1/H). We will now tailor this statement to the particular case of very flat (|V ′|  V| ln(V )|)
monotonic potentials. As we will see in subsection 4.2, these are the kind of potentials we
get from the membrane picture on a range of parameter spaces. We aim to find the strongest
condition that TCC alone imposes on this kind of potential.
4Notice that Tmeml
3
c  ∆Λ l3c is equivalent to require S ∼ T 4mem/∆Λ3  1. Thanks precisely to the scalar
contribution due to the backreaction induced by the membrane, we can satisfy this condition for the membranes
but still violate it for the domain wall in the IR (so that the domain wall will be consistent with the TCC later
on). For this to happen one needs to have T/Q|DW < (T/Q)mem, which is expected by the WGC if we have a
vacuum which breaks spontaneously supersymmetry but the membranes were originally BPS.
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First, we show that the TCC implies the field range needs to be sub-Planckian. We prove
this by contradiction. Suppose the field range is trans-Planckian. Consider a slow-roll trajectory
over an O(1) sub-interval of the field range. For the slow-roll trajectory we have
dφ ' |V
′|√
3V
dt. (4.1)
Since |V ′|  V , the change in V over this field range is negligible and V can be taken to be
constant. From the TCC, we find ∆t < 1H ln
Ä
1
H
ä
∼ | ln(V )|√
V
. Plugging this and |V ′|  V| ln(V )| in
equation (4.1) gives
∆φ ∼ |V
′ ln(V )|
V
 1, (4.2)
which is in contradiction with our assumption. Thus, the field range must be sub-Planckian.
This fact combined with the fact that the potential is very flat, allows us to take V and H to be
nearly constant in our computations. Given that H is almost constant, the consistency of the
slow-roll trajectory with TCC would imply that any other trajectory is consistent with TCC as
well. This is because it only takes one Hubble time for a trajectory to become slow-roll and
TCC upper bound for the duration of the inflation is 1H ln
Ä
1
H
ä
which for small values of the
cosmological constant is much greater than the Hubble time. So the first part of the trajectory
before the slow-roll is negligible. In any case, note that the derivation of the effective potential
(2.9) in appendix B assumes slow-roll.
This can also be expressed in terms of the potential alone, without referring to the slow-roll
trajectory. By rearranging (4.1) and imposing TCC, we get
√
3V
∫
dφ
|V ′| =
∫
dt <
 
3
V
ln
( 
3
V
)
→ 2V
∫
dφ
|V ′| . | ln(V )|. (4.3)
In short, TCC only imposes that the potential must get steep (|V ′| & V ) after the time
τTCC ∼ 1H ln
Ä
1
H
ä
. When the potential is induced by successive tunnelings as in section 2.2, this
constraint could be interpreted as a statement about the time evolution in the α − β plane
in figure 1. TCC is equivalent to requiring the trajectory in α − β plane to reach the purple
region (|V ′| & V ) in less than τTCC time, and nothing else. In particular, it does not lead to
any pointwise constraints on the potential. As we will now see, combining with the membrane
picture, it is possible to do better.
4.2 Swampland constraints on the membrane effective potential
We start by finding the characteristics of the effective potentials that can arise from membrane
tunneling. Suppose we have a nearly flat (|V ′|  V ) monotonic potential. We investigate the
possibility of dividing up the field range into small enough intervals (∆φ)i such that each piece
can be approximated by a linear function, and each discrete jump can be realized by an allowed
membrane nucleation. We define parameters θn and γn for the n-th piece as follows.
V θnn =
|V ′n|
Vn
,
V γnn = (∆φ)n, (4.4)
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where Vn and V
′
n are the potential and its slope at the n-th interval. Supposing ∆φ is small
enough we find
V βnn = (∆V )n ' |V ′n|(∆φ)n (4.5)
which gives the following relation for β,
βn = θn + γn + 1. (4.6)
Applying the slow-roll condition gives
(∆t)n ' (∆V )n|V ′n|φ˙n
∼ (∆V )n
√
Vn
|V ′n|2
= V
βn−2θn− 32
n . (4.7)
Plugging β in terms of θ and γ leads to
(∆t)n ∼ V γn−θnn
1
H
(4.8)
Note that the derivation of the effective potential in section 2.2 allows us to compute θ as a
function of α and β defined in (3.1). Using this as well as (4.6), we can translate the swampland
constraints on the (α, β)-plane of figure 1 to the (θ, γ)-plane instead, as shown in figure 2. It
is very important that not every point in the (θ, γ) is the image of a point in the (α, β) plane;
points that are not in the image (green region in the figure) are not physically meaningful from
the point of view of the membranes. In addition, the map is 2-to-1; two different points in the
(α, β) plane map to the same point on (θ, γ)5. The blue region in figure 1 “folds over itself”
along S ∼ 1 to be mapped to the blue region in figure 2. Every point in the blue region in figure
2 has two preimages; one with S > 1 and the other with S < 1. More generally, the entire (α, β)
plane folds over itself along the curve ∂α(Γ) = 0, which is very close to, but not exactly at, the
lower boundary of the TCC region in figure 1, and after the vertex of the TCC triangle it goes
on to a line of almost constant α. The folding line gets mapped to the boundary of the green
region in figure 2, which is approximately described by the following function:
γ =
{
1
5 (1 + 3 θ) θ . 1/2
θ − 0.013 θ & 1/2 . (4.9)
This provides, for each value of θ, the maximum value of γ consistent with a membrane origin of
the effective potential. Notice that γ = 15(1 + 3 θ) is equivalent to the condition for the instanton
action to be S ∼ 1 in the flat space limit.
There is a potential ambiguity in the definition of the decay time that needs to be addressed.
The time ∆t in (4.8) is the time it takes for the transition to occur everywhere in the Hubble
patch which is different from the lifetime associated to an individual bubble6 used when applying
the TCC in section 3.3. Applying the TCC to the former time, i.e. ∆t ≤ H−1 simply implies the
5This is related to the fact that the lifetime of the dS can be unchanged if while the membrane action increases
the prefactor increases in a way to compensate this.
6The lifetime associated to an individual membrane is the time scale for only one bubble to form somewhere
in the universe and shift the value of the potential by ∆V within that bubble. Imposing that this time scale is
smaller than Hubble time is equivalent to the TCC constraint for membranes imposed in section 3.2, i.e. Γ > H4.
The homogeneous time scale ∆t in (4.8) is when the average of V over the whole Hubble patch decreases by ∆V
and is given by ∆t = Γ−1V−1eff , where the effective volume Veff is derived in (B.14).
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Figure 2: Allowed regions in the (γ, θ) plane for Λ = 10−120. Not all of the (θ, γ) plane
corresponds to a valid membrane picture (i.e. the map from the (α, β) plane to (θ, γ) is not
onto); we have shaded in light green the region which is not part of the image. The purple region
corresponds to V ′/V > 1, while the light blue region corresponds to the TCC allowed region.
The red line saturates the WGC for membranes and the region above the upper red branch is
forbidden by the WGC. The region to the right of the grey dotted line one has T < Λ3/2 and
is disfavoured by the Higuchi bound and Distance Conjecture. The black line represents the
“eternal inflation” locus, defined by |V ′| = V 3/2.
condition γ ≥ θ, which a priori might seem different (even weaker) than the constraint coming
from applying the TCC to the membrane picture (Γ > H4) represented as the blue region in
figure 1. However, as we see from the figure, in practice applying the TCC to the effective
potential provides the same constraints as applying the TCC to the individual membranes as
long as we restrict ourselves only to those potentials that can be interpreted as originating from
averaging over a cascade of membrane nucleation transitions7. This is because the top boundary
of the blue region coincides with the limit of the region admitting a membrane origin.
In figure 2, there is a maximum value of θ allowed by TCC8. In subsection 4.1 we saw that
TCC by itself does not bound θ in general, so the constraint comes from the assumption that
the potential has a fundamental description in terms of membranes. The membrane picture
strengthens TCC, turning it into a constraint on the potential.
Finally, it is important to note that while γ is a physical observable since it quantifies
7Using (B.14) one could analytically check the equivalence between ∆t = Γ−1V−1eff < H−1 and Γ > H4 by
noting that Veff takes values in between H−3 (when the decay rate is small) and Γ−3/4 < H−3 (when the decay
rate is large).
8This feature is sensitive to O(1) factors, but we will show in the next subsections that the TCC in combination
with the WGC always implies an upper bound on θ.
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inhomogeneities in the bubble nucleation process, this is a piece of information that gets lost in
the effective potential description, which only tracks the Hubble scale evolution. In other words,
the only constraint that determines whether a potential can be chopped into pieces generated
by membranes is the upper bound on θ.
4.3 No Eternal Inflation
So what general lessons can we learn from the membrane picture? We will now argue that the
eternal inflation point is marginally excluded by our constraints.
As could be seen in figure 2, the maximum allowed values for γ and θ are realized when the
TCC and/or the WGC get saturated and hit the boundary of the no-membrane origin region, so
that the lower boundary of the blue region and/or the red line intersect (4.9). The intersection
of these three curves nearly happens at the same point which, by using (4.8), satisfies
γmax = θmax + . . . (4.10)
where the “. . . ” denote subleading corrections that go away in the limit Λ→ 0. From equation
(4.6), we find that β is maximized at this point as well,
θmax ' βmax − 1
2
+ . . . (4.11)
As discussed in subsection 3.1, applying the WGC to the βmax point implies α ≥ β − 12 ,
while the saturation of TCC implies P ∼ H4, where P is the prefactor of the decay rate defined
in (2.4) as discussed in section 3.8. Using (2.4) we find
P ∼ H4 → Λ
4α−2β
1 + Λ2α−2β+1
∼ Λ2. (4.12)
For Λ small, the denominator becomes an order one factor 1 + Λ2α−2β+1 ∼ O(1). Plugging in
α ≥ β − 12 gives
Λ2βmax−2 & O(1)× Λ2 → βmax . 2 + . . . (4.13)
The sign of the next to leading term above depends on the value of order one factors coming
from the prefactor as well as corrections to the TCC and the WGC. We will comment on the
effect of these corrections in section 4.4.
Plugging the above inequality in (4.11) leads to the following inequality for the potential
|V ′| > CV 32 , (4.14)
for some constant C. Interestingly, the constraint |V ′| > CV 32 is also the condition for no-eternal
inflation [6]. This is consistent with the results of figure 2, where we can see that the TCC-allowed
region excludes the eternal inflation locus represented as a black vertical line.
It is worth noting that the setup is generally sensitive to O(1) factors which get hidden
on the value of the constant C. For example, the actual curve of θ = 1/2 in figure 1 gets a
logarithmic correction θ = 1/2 + log(C)log Λ if we keep track of C in calculating θ, where C can even
get a mild dependence on Λ. Hence, eternal inflation is only marginally ruled out, and some
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models with a large enough constant C might still be allowed. We will discuss this in more
detail in subsection 4.4.
Reference [6] also proposed that eternal inflation might be in the Swampland; here, we have
derived this condition on the effective potential from applying TCC to metastable de Sitter
vacua. As explained in [6], a metastable dS scenario is only compatible with eternal inflation if
Γ/H4 ≤ O(1); this is the exact opposite of what TCC requires. We have also seen that this
condition maps exactly to the usual V ′ & V 3/2 for the effective potential. This is evidence that
the dual description we have constructed correctly captures the physics and it is a non-trivial
consistency check for our computations.
This relation between TCC and no-eternal inflation is actually intriguing from the perspective
of the effective potential, since as shown in subsection 4.1 there is no obvious a priori reason
why the TCC should imply (4.14). This result comes about only when we include membranes
in the picture. One might have tried to show that TCC forbids eternal inflation by arguing that
if inflation is eternal, there will be some patch where Planckian modes will be stretched beyond
the Hubble horizon, naively leading to a violation of TCC, and thus, to the conclusion that
TCC forbids eternal inflation. There are two problems with this naive argument:
• To violate TCC, an inflationary patch with a homogenous Hubble parameter must contain
a mode as it goes from Planckian to Hubble size. Such a patch does not typically exist in
eternal inflation since bubbles of true vacuum are constantly appearing.
• Since inflation lasts forever, one could argue that all sorts of unlikely things will happen
somewhere eventually, including a TCC-violating Hubble patch. This illustrates that the
current formulation of TCC is a semiclassical statement in terms of expectation values
of quantum operators that only deals with what happens “on average”, and it might be
violated statistically, like the second law of thermodynamics, and point towards a more
fundamental quantum mechanical version of TCC that is absolute.
To sum up, TCC is a statement about the overall shape of the potential, but assuming
the potential effectively describes tunneling between nearby vacua, we can get an additional
point-wise result which implies eternal inflation is marginally ruled out.
4.4 Subleading corrections
Throughout most of this paper, we have been cavalier regarding O(1) factors and other subleading
corrections. For instance, we have neglected the log(1/H) logarithmic term in the TCC bound,
or the WGC extremality factor in (3.2). The reason for this is that we cannot compute some of
these in complete generality, such as O(1) corrections to the prefactor in (2.4). Although the
qualitative results and conclusions we present in this paper are insensitive to such subleading
corrections, they become important when determining the fate of effective potentials satisfying
|V ′| ∼ C V 3/2 . (4.15)
The region near the tip of the TCC-allowed blue triangle in figure 2 is sensitive to these
numerical factors, and might get extended to cross the vertical line at θ = 1/2 marginally
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allowing potentials satisfying (4.15) for a certain value9 of C.
For concreteness, dS gravitational corrections to the prefactor and instanton action push the
TCC-allowed region to the left, moving it away from the eternal inflation locus by introducing
a negative correction to βmax in (4.13) of order O(1/| log Λ|) that increases the value of C in
(4.14). Contrarily, the logarithmic term in the TCC bound, ∆t < H−1/ logH implies a positive
correction to βmax of order O(log(log Λ)/| log Λ|) that pushes the TCC+WGC-allowed region
to the right. Depending on the exact value of this correction, the TCC-allowed region might
get extended to parametrically large values of β, as illustrated in figure 3. However, the WGC
will always cut this region providing, even in this case, a maximum value of θ. Hence, in this
case, the bound (4.14) is still valid but the value of C will be smaller than one and depend
logarithmically on Λ. Other corrections coming from the prefactor or the WGC could also in
principle push the bound in one direction or another.
In any case, we can conclude that potentials satisfying |V ′| ≤ CV 3/2 are forbidden by the
swampland constraints for a certain factor C that is sensitive to all these corrections and could
have a logarithmic Λ dependence. Therefore, any attempt to rule out a concrete model of
eternal inflation would require a better knowledge of all possible subleading corrections. This
is certainly an interesting avenue to further study in the future. At the moment, we can only
conclude that eternal inflation is marginally forbidden by the swampland constraints.
4.5 Higher dimensions
We showed that the TCC marginally implies WGC and the no-eternal inflation condition in 4
dimensions. One can generalize all the calculations to show the same holds in higher dimensions
as well. Following is a naive computation to demonstrate how this plays out int higher dimensions.
In d-dimensions, the equations (3.10) and (3.11) change to
S ∼ T
d
(∆Λ)d−1
. 1→ α ≥ d− 1
d
β,
P ∼ T
d
(∆Λ)d−2
& Hd → α ≤ d− 2
d
β +
1
2
. (4.16)
These two lines constraints together imply α ≥ β − 12 which is the WGC. Moreover, the above
inequalities set an upper bound d2 on β. Plugging that upper bound into (2.9) leads toÇ |V ′|
V
å2
∼ Λβ− 32 ΓVeff & Λβ−1 & Λ
d
2
−1, (4.17)
where we used TCC in the second equation. We can write the above inequality as |V ′| & V d+24
which is the no-eternal inflation condition in d dimensions10. Therefore, we find TCC marginally
9The proposed values for C in the condition for eternal inflation in the literature varies, e.g. C = 1√
2pi
in [6]
and 1
2pi
√
3
in [29].
10The no eternal inflation condition derived in [6] could be generalized to higher dimensions as follows. In higher
dimensions, the Fokker Planck equation (2.11) in [6] takes the form P˙ [φ, t] = A∂i∂
iP [φ, t] +B∂i((∂
iV (φ))P [φ, t])
where A ∼ Hd−1 and B ∼ H−1. This modifies the Gaussian solution (3.7) in [6] to Pr[φ > φc, t] ∼ exp
[− t
σ2
]
where σ ∼ H d+12 /|V ′|. In order to have eternal inflation, the Hubble expansion must beat this exponential decay
i.e. H & |V
′|2
Hd+1
. This results in the no eternal inflation condition |V ′| > KV d+24 for some constant K which
depends on O(1) factors in computation of A and B.
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implies WGC and no-eternal inflation condition in all higher dimensions as well. This points to
a deeper relationship between TCC and WGC as this result holds in all dimensions and not just
4.
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Figure 3: Allowed regions in the (α, β) plane (left panel) and (γ, θ) (right panel) for Λ = 10−120
taking into account the logarithmic correction on the TCC. The light blue TCC region now
grows an extra “tube” that makes it consistent with any value of θ. The red curve correspond
to WGC, purple region corresponds to V ′/V > 1. Eternal inflation is marginally ruled out by
TCC and WGC, but not by either on its own.
5 Cosmological implications
In this section, we study the cosmological implications of our results assuming that the relevant
potentials are dual to a fast decaying dS. In particular, we are interested in the consequences of
our results for the emergent inflationary models and the dark energy.
5.1 Inflation
In [5] it was shown that the simplest TCC-compatible potential that could fit the observations
such as the CMB power spectrum is an inverted parabola. A concrete example of this can be
taken to be V = V0(1− 0.02φ2) defined over [φi, φf ] where φf is fixed by observation to be
φf ' 3.9× 105 ·
Ç
V0
Mpl
å0.505
. (5.1)
Plugging this into the potential gives
|V ′|(φf ) ' 8× 103 V 1.5050 . (5.2)
For small enough V0 and large enough φi the above potential is consistent with the no-eternal
inflation condition as well as the TCC. Even though the potential is consistent with the TCC, it
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still suffers from a severe fine-tuning problem due to its short-field-range. This is because the
field range is not long enough that a generic trajectory converges the slow-roll attractor. This
initial condition problem seems to be an unavoidable consequence of the TCC for inflationary
models [5]. As discussed in [28] there is an additional fine-tuning problem that goes back to the
freedom in choosing the dS vacuum among the α-vacua. The only α-vacuum that can produce
the scale-invariant CMB fluctuations is the Bunch-Davis (BD) vacuum. It was argued that if
the dS space lives long enough the fine-tuning problem goes away because any α-vacuum will
thermalize into the BD vacuum [30]. This argument does not apply to TCC-compatible dS
spaces due to their short lifetime.
5.2 Dark Energy
Suppose the evolution of the cosmological constant is given by a scalar field whose potential
comes from the successive short inter-vacua tunneling as discussed in this paper. As the scalar
field rolls down, the characteristics of the domain wall corresponding to the potential evolve.
We can view the rolling of the scalar field as a trajectory in the α− β plane in the membrane
picture. TCC tells us that in the asymptotic of the field space |V
′|
V & O(1). Thus, the trajectory
in the α − β plane (figure 1) eventually reaches the purple curve. In fact, this must happen
within a TCC time. This is because before we hit the purple curve the potential is very flat
(|V ′|  V ) and the Hubble parameter is almost constant. From observations we know that the
equation of state parameter w is close to −1 which means the quintessence potential is not steep,
i.e. |V ′| . V . This leaves two possibilities for the current state of our universe: we are very
close to the purple curve where the potential begins to steep down, or we are still wandering in
the blue region with a plateau potential while moving toward the purple curve.
Case 1: Near the |V ′| ∼ V curve
In that case, the universe while remaining in the blue region must be close to the purple
curve. That means we are close to the line that connects (α, β) ' (1, 1) to (α, β) ' (0.9, 1.2).
All these points correspond to the same slope |V
′|
V ∼ O(1), however they differ in the scale
of the bounce radius. From the equation (A.7) we find R ' R0 ∼ Λα−β. This gives a range
1 . R . Λ−0.3 for the bounce radius in Planck units. After restoring the Planck length, it
implies lpl . R . 1035lpl ∼ 1 m.
This scenario is also phenomenologically appealing as it provides a cosmological relaxation
mechanism to generate a small cosmological constant, consistent with the current expansion of
our universe. As long as we are close the to the purple boundary with V ′/V ∼ O(1), it is just a
matter of time to lower the cosmological constant by bubble nucleation to a very small value,
even if the initial value at the beginning of the cosmological evolution was very big. This is
very similar to the dynamical neutralization of the cosmological constant by Brown-Teitelboim
and Bousso-Polchinski, whenever we have a landscape of flux vacua. If we are close to β = 1,
the variation of vacuum energy ∆Λ becomes very close to Λ, so after a few transitions, one
would end up with a very small value for the cosmological constant. The drawback is that
the effective description in which we can average over the discrete jumps breaks down and one
would need a very finely grained landscape in order not to miss our current tiny value of Λ.
In any case, regardless of where we are in the (α, β)-plane, as long as it is close to the purple
region, it is always possible to find some effective potential that reaches a tiny value of the
cosmological constant in less than the Hubble time since the whole blue region is consistent with
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Figure 4: The graph shows a generic effective potential that would emerge from successive
inter-vacua tunnelings. In the plateau part of the graph which is drawn in green, we have
|V ′|  V . This corresponds to part of the cosmic evolution spent in the blue region of the figure
1. The steep part of the potential drawn in red has |V ′| & V . This corresponds to the part of
the cosmic evolution spent inside or near the purple region in the figure 1.
the TCC. This scenario could also explain the cosmological coincidence problem if something
drastic happens when we reach a small value of Λ. A tantalizing possibility is that the effective
field theory drastically breaks down precisely when getting a small value of Λ and entering into
the purple region, because we could get then access to transplanckian field ranges and infinite
towers of states should become light according to the SDC.
Case 2: Far from the |V ′| ∼ V curve
Suppose our universe in the blue region the α− β plane in figure 1 sufficiently far from the
purple curve. In that case, we have |V ′|  V which means the potential is so flat that effectively
behaves like a cosmological constant. This is consistent with observations. Moreover, the TCC
is also satisfied because as discussed in subsection 4.1, the only constraint that TCC imposes on
nearly flat potentials is that the age of the universe must be less than 1H ln
Ä
1
H
ä
which is true
in our universe. The drawback is the usual naturalness problem of the cosmological constant
since one would need to start originally with a very tiny cosmological constant as the membrane
nucleation transitions will not modify its value in a significant way.
6 Conclusions
In this paper, we applied some of the Swampland conjectures to short-lived de Sitter spaces
and described the resulting decay in terms of an effective theory. We saw that WGC and the
generalized distance conjecture lead to a restricted region in parameter space which surprisingly
includes the full region implied by the TCC. In other words, TCC in this context seems to
“know” about WGC and the generalized Distance Conjecture. This relationship between different
Swampland conjectures which is frequently encountered, reinforces the belief in their validity.
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In studying the resulting effective theory, we found that they lead to a scalar field with a
restricted type of potential. In particular, even though a potential allowing eternal inflation
is consistent with TCC, the resulting potentials we obtain from dS membrane picture are
marginally inconsistent with eternal inflation. However eternal inflation is not completely ruled
out by our considerations and there is a small region in parameter space that may in principle
allow it depending on subleading corrections we have neglected in our analysis. This is an
interesting question that should be explored in the future.
Our results apply to situations that can be described as a cascade of non-perturbative
nucleation of bubbles in de Sitter space. We have constructed an effective potential that
provides a dual description of the low-energy physics of the cascading membranes, connecting
the membrane and cascade pictures. Our methods can be extended to a variety of interesting
situations, e.g. when the membranes are charged under multiple 3-form gauge fields or the
membranes are unstable and can grow holes in their surface corresponding to strings magnetically
charged under axions coupled to the 3-form gauge fields.
So how general is the membrane picture? On a more speculative note, we could take the
radical position that any quasi-dS potential consistent with string theory always admits such a
membrane origin. If so, the conclusion that eternal inflation is in the Swampland, which we
got here from the membrane picture, would be general. In particular, near the infinite distance
boundaries of the field space in string theory compactifications, the scalar potential is known to
exhibit a runaway behavior towards the asymptotic limit that typically satisfies the de Sitter
conjecture. Such a runaway could be explained if it is actually the effective description of a
cascade of membrane nucleation with a tension approaching the region V ′ ≥ V in figure 1. To
determine whether this is a sensible scenario, we would need a better understanding of possible
constraints on the dynamics on the (α, β)-plane in addition to the ones studied in this paper.
It would be interesting to see if other Swampland conjectures can also be brought to play in
this context. For example, the cobordism conjecture [31] predicts that there is always a bubble
of nothing in a quantum theory of gravity. What is the relation of our “minimal bubble” to the
bubble of nothing? Can this place an upper bound on the lifetime of dS which is even stronger?
Given the importance of a deeper understanding of dark energy for the future evolution of our
universe, it is worthwhile pursuing aspects of short-lived dS from all possible perspectives.
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A Subtleties of the thin-wall approximation
In the main text we presented a simplified version of the thin-wall discussion to make the
presentation easier to follow, but in such a way that the main conclusions are unaltered. The
actual calculations are more complicated, and we discuss them here, in order of appearance in
the main text.
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A.1 Gravitational effects in thin-wall formulae
In the discussion in section 2, we neglected gravitational effects that are relevant when the
bubble radius is comparable to the Hubble scale. This turns out a posteriori to be a good
approximation since the results only change by an O(1) factors, but one needs to check the full
result, which we do here.
Taking into account gravitational effects, the euclidean bounce solution [32,9] is given by
S = 2pi2Tr3 +
12pi2
κ2
®
1
Vf
ï
(1− 1
3
κVfr
2)
3
2 − 1
ò
− 1
Vi
ï
(1− 1
3
κVir
2)
3
2 − 1
ò´
. (A.1)
where T is the tension of the membrane (the wall), and the initial and final vacuum energies
are Vi and Vf respectively, with Vf < Vi (we will discuss the possibility of up-tunneling below).
The critical radius corresponds to the value of r that minimizes the above action, which implies
solving the following equation,
γr = −T
»
1− r2Λi, γ ≡
Ç
T 2
4
+ Λf − Λi
å
. (A.2)
We can see that non-trivial solutions exist only for γ < 0, namely for bubble radius smaller
than the de Sitter horizon r < Λ
−1/2
i = H
−1
i where H is the Hubble scale. We have defined
Λ ≡ κV/3 and set κ = 1 to work in Planck units. Notice that the case γ = 0 corresponds to a
bubble of Hubble radius, while γ < 0 implies the following critical radius
R2 =
1( γ
T
)2 + Λi (A.3)
Plugging this back into (A.1) one gets the final result for the action S. For later convenience, it
is useful to define the parameters,
p ≡ T√
Λ
, q ≡
√
Λ
Å
T
∆Λ
ã
= R0H (A.4)
where we have renamed Λ ≡ Λi and R0 ≡ T/∆Λ is the critical radius of a bubble in flat space.
When the parameter p becomes small, gravitational corrections become subleading, and we can
expand the instanton action for small p to obtain:
S = w(q)
T
Λ3/2
+O(p2), w(q)
2pi2
=
1 + 2/q2»
1 + 1/q2
− 2
q
(A.5)
In this limit, the bubble radius reads
R2 ' 1
Λ
1
1 + (1/q)2
→ (RH)−2 ' 1 + (R0H)−2 (A.6)
Hence, the size of the bubble is parametrised by the value of q, which yields two limits of interest.
On one hand, if q  1, the critical radius is small compared to the de Sitter horizon and we
recover the result for the transition rate in the flat space limit,
S ' T
Λ3/2
q3 =
T 4
∆Λ3
≡ S0 , R ' R0 = T
∆Λ
(A.7)
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On the other hand, if q ' O(1), the bubble radius is of Hubble size and we get
S ' T
Λ3/2
, R ' H−1 (A.8)
Notice that q = 1 is the largest value that this parameter can take which is still consistent with
a solution to (A.2), so (A.8) gives the largest possible radius and the smallest possible euclidean
action of an instanton solution describing bubble nucleation in de Sitter space in the thin wall
approximation.
We also comment briefly on the prefactor [9]. The full expression taking into account
gravitational backreaction is
P =
e−ζ′R(−2)
4
T 2R2 ' T
2R20
1 + (R0H)2
∼ S
2
R4
(A.9)
where the last equality is true modulo a O(1) function of HR only which goes to 1 at zero, and
ζ ′R(−2) = −0.0394 . . ..
A precise determination of the prefactor outside of the thin-wall approximation requires the
calculation of a one-loop determinant around the Euclidean saddle, and it is both complicated
and detail-dependent (see [33] for an example). As shown in [9], in the thin-wall approximation
it is possible to determine the prefactor since the only low-energy degrees of freedom that
contribute to the prefactor are fluctuations of its local position (fluctuations of the Goldstone
associated to translational invariance). These will have energies of the order of 1/R, while we
will assume that the next excitation, corresponding to internal worldvolume degrees of freedom,
will appear at a much higher energy scale.
Even though this computation only took into account Goldstone modes, we expect our
conclusions to hold modulo O(1) corrections if a finite number of worldvolume degrees of freedom
at the scale of the Goldstones are included. For instance, if the domain wall is a D-brane, we
would expect to have worldvolume gauge fields and gauginos as well. Since we are not sensitive
to O(1) coefficients, we will drop it in (A.9).
Combining (A.9) and (A.5) we get that the transition rate per unit time and volume is given
by
Γ = H4
Å
T
H3
ã2 (R0H)2
1 + (R0H)2
exp
Å
− T
H3
w(R0H)
ã
(A.10)
The above thin-wall expressions can be easily generalised to any dimension [9]. We use this
generalization in subsection 4.5.
A.2 Up-tunneling
In de Sitter space, up-tunneling is allowed due to the gravitational effects, but it is more
suppressed than down-tunneling. More precisely, as discussed in [9], up-tunneling is described by
the same kind of CdL instanton that down-tunneling, considering an anti-membrane rather than
a membrane. In four dimensions, the difference in action between these two tunneling rates is
Sup − Sdown ∝ ∆Λ
Λ2
, (A.11)
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which will be large in most of our parameter space, but can be significant near the eternal
inflation point. Notice that the difference (A.11) is also essentially the difference between
the entropies of the down-tunneling and up-tunneling de Sitters. The reason up-tunneling is
suppressed is entropic.
Uptunnelling is responsible for the last term in the formula (B.19) for the effective potential.
It is never dominant in the region allowed by the swampland conjectures.
A.3 Regime of validity of CdL formulae
In most of the region of interest to us, the action of the Euclidean instanton (2.5) is small.
However, the usual lore is that semiclassical expressions such as these are only accurate as long
as the instanton action is large and so there is exponential suppression. So how come that we
can use it more generally? CdL is essentially an application of the WKB formula to field theory,
and this is controlled not by whether there is exponential suppression or not, but by whether
the perturbation parameter is small. These two notions can differ in a theory that has more
than one parameter.
An illustrative example is Schwinger’s original calculation of the decay via emission of charged
pairs in (1+1) dimensions. Schwinger obtained a vacuum decay amplitude (later reinterpreted
as a pair production rate [34,35]) given by
Γ =
(qE)2
4pi3
e
−pim2
qE . (A.12)
This calculation was done in the semiclassical limit q → 0, E →∞, with qE fixed. The small
parameter is therefore the electron charge q and we can expect that (2.5) is just the first in a
series of corrections suppressed in higher powers of q. The classical instanton action is becoming
small when m → 0, yet the result is still trustworthy because the expansion parameter is q,
which remains small.
This is not always the case. When computing the potential generated for the θ parameter in
a Yang-Mills theory, there is only one small coupling, the Yang-Mills coupling g. The instanton
action S = 8pi2/g2 only depends on g, and sending g →∞ means both that the instanton action
becomes small and the perturbative expansion fails.
The CdL scenario is very similar to the Schwinger example above. Instead of the particle
mass, we have the tension T , and the parameter qE in the Schwinger model, which is just the
difference in vacuum energy before/after pair nucleation, is replaced by ∆Λ in our example.
The change in vacuum energy ∆Λ is then related to the background flux density in the false
vacuum as
∆Λ = g23 n, (A.13)
where n is an integer parametrizing the background “top-form flux density”. The parameter g3
is the 3-form gauge coupling [36] which controls the strength of interactions and backscattering
between the domain walls.
The thin-wall computations above should be understood as taking place in a formal limit
where g3 is going to zero and n diverges in such a way that
∆Λ = g23n→ const. (A.14)
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More physically, this should be thought of as a limit in which brane-brane interactions are
switched off, but branes still respond to the background difference in vacuum energies. In such
a limit, just as in the Schwinger case, we expect to be able to trust the thin-wall expression
even when the membrane tension T is small and there is no exponential suppression since it is
just the leading piece of the small ∆Λ expansion. In this case, the physics is dictated by the
prefactor. But we also emphasize that this is an assumption we make and which we cannot
prove. Ultimately, the reason for this is that the rigorous argument for the Schwinger effect
above relied on the fact that we have a Lagrangian description of the system, which we are
lacking in the higher-dimensional case since extended objects are an essential ingredient11.
B Derivation of the effective potential
Here we discuss in detail the derivation of the effective potential introduced in the main text.
The basic quantity we are interested in is
dN/dt, (B.1)
the number of membranes that hit an observer per unit time. We will now do so by geometric
means, as in [37].
Take d-dimensional de Sitter space in conformal flat slicing:
ds2 =
1
τ2
(
−dτ2 +
d−1∑
i=1
dx2i
)
, (B.2)
where the coordinates xi parametrize flat space. Here −∞ < τ < 0 parametrizes half of a dSd
(see Figure 6). If the observer sets her clock such that t = 0 is at τ = −1, then in general her
proper time is related to τ as
τ = −e−t. (B.3)
Let
ξ =
dN
dt
= −τ dN
dτ
(B.4)
be the number of bubbles that hit the worldline of a timelike static observer at ~x = const.
Our task is to determine ξ. We will do this by calculating ξ in two different ways, and then
demanding they are both equal:
• ξ is related to the mean free path traversed by a bubble. Suppose one has a bubble whose
wall is expanding at the speed of light. In the above coordinate system, it moves along a
straight line x = τ . When traversing a time interval ∆τ , there is a probability
Phit = − ξ
2τ
∆τ (B.5)
that the bubble gets hit by another bubble entering its lightcone (see Figure 5).
11We could try to compactify to (1+1) dimensions to recover a Lagrangian description, or we could resort
to the effective action for a probe brane/particle, which is available also in higher dimensions. But none of
these arguments are conclusive since the probe brane approach we do not know how to compute corrections
systematically, and compactification to (1+1) would involve talking about wrapped branes, with very different
kinematic properties.
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Figure 5: In black, we have the worldline of an expanding domain wall. As it moves in a
lightlike fashion through an interval ∆τ , there is a probability that it gets hit by a bubble. This
probability depends on ξ, the number of membranes that arrive per unit time the worldline of
static observers.
If it gets hit, the bubble will annihilate and disappear. The probability that the bubble
survives these collisions at τ + ∆τ , Pτ+∆τ , is equal to the probability Pτ that it made it
to τ , times the probability that it does not get hit by the bubble, so
Pτ+∆τ = Pτ + ∆Pτ = Pτ
Å
1− ξ
2τ
∆τ
ã
, (B.6)
which has solution
Pτ =
Å
τ0
τ
ã ξ
2
. (B.7)
This equation gives the probability that a bubble which was born at conformal time τ0
actually makes it to conformal time τ (see [37]). In terms of proper time, we have
Pt = Pt0e
− ξ
2
(t−t0), (B.8)
which implies that the quantity ξ we are actually looking for is just the inverse of the
mean free path of a bubble.
• Similarly, to compute the number of bubbles that hit an observer at conformal time τ0 in
a conformal time window ∆τ , we just need to integrate the bubble production rate on the
past light cone, and correct by the factor (B.7) which establishes that only a fraction of
the bubbles produced at conformal time τ actually make it to τ0.
Taking these two things into account, the number of bubbles we get is
∆N = ΓSd−2
∫ τ0
−∞
dτ
∫ r(τ,τ0+∆τ0)
r(τ,τ0)
dV
Å
τ0
τ
ã ξ
2
, (B.9)
where Sd−2 is the volume of Sd−2, and
r(τ, τ0) = τ0 − τ (B.10)
parametrizes the null radial geodesic from (τ, r) to (τ0, 0). Plugging everything back in,
one gets
∆N
∆τ0
= ΓSd−2
∫ τ0
−∞
(τ0 − τ)d−2
τd
Å
τ0
τ
ã ξ
2
. (B.11)
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Evaluating the integral for d = 4, one obtains
− ξ
τ0
=
dN
dτ0
= −ΓSd−2 16
τ0(ξ + 2)(ξ + 4)(ξ + 6)
, (B.12)
which allows one to get (restoring the Hubble constant)
ξ
H
= −3 +
√
4
 
ΓSd−2
Hd
+ 1 + 5. (B.13)
On the other hand, we could write ξ as
ξ =
dN
dt
= ΓVeff (B.14)
where Veff is some effective volume. Notice that this effective volume
Veff = ξ
Γ
=
H
Γ
Ñ
−3 +
√
4
 
ΓSd−2
Hd
+ 1 + 5
é
(B.15)
is always below 1 in Hubble units. This works in general, but due to TCC we are interested in
the regime Γ/Hd  1, in which (B.13) is just
ξ
H
∼ Γ
1/4
Hd/4
. (B.16)
and the effective volume becomes of order Veff ∼ Γ−3/4. Equation (B.16) can also be easily
understood: in the regime where Γ is large and bubbles are efficiently produced, a bubble will
die of a collision way before it notices the expansion of the universe. As a result, it will hit
another bubble by the time its volume is such that the probability of bubble nucleation is of
order one, in other words Γξ4 ∼ 1, which is precisely (B.16).
Once we have the number of bubbles that hit the observer per unit time, it is a simple task
to relate this to the potential. Assuming slow-roll inflation, we get
dV
dt
= ∆Λ
dN
dt
= ∆Λξ ≈ (V
′)2√
V
, (B.17)
We should also take into account that in dS there can be up-tunneling on top of down-tunneling,
as discussed in appendix A.2. The effect will be small away from the curve β = 2, but significant
for β > 2. up-tunneling membranes may annihilate with up-tunneling membranes and vice-versa,
but down-tunneling and up-tunneling membranes just go through each other. As a result, to
compute the change in vacuum energy, one simply has to replace (B.17) by
dV
dt
= ∆Λ
dN
dt
Ä
1− e−∆Λ/Λ2
ä
≈ (V
′)2√
V
, (B.18)
where the last equation is again due to slow-roll. The general effective scalar potential then
reads
V ′
V
' ∆Λ1/2Λ−3/4Γ1/8
»
1− e−∆Λ/Λ2 . (B.19)
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This has (2.10) and (2.11) as limits when the decay rate is very small or very large compared to
Hubble. We use the full expression (B.19) to make the figures in the main text.
As a final comment, we should explain why we used the open slicing (B.2) which, as illustrated
in Figure 6, only covers half of de Sitter space. But clearly, bubbles that nucleate in the lower
half of the diagram can reach the upper half! So why don’t we take them into account? The
answer is related to the phenomenon of “persistence of memory”, beautifully discussed in [38,39].
It is often stated that, due to the exponential expansion, a de Sitter universe soon “forgets” any
initial condition; indeed, this property is crucial for the success of the inflationary mechanism.
It is, however, not true in general. Certain fields, such an electric current in two dimensions [39]
and a 3-form current in four (the case we consider here) can develop vevs that partially break
the de Sitter isometries and are never diluted by the exponential expansion (any nonzero vev will
do this). While the top-form field-strength preserves all of the de Sitter isometries, the current
it generates via quantum effects does not; it always picks a preferred reference frame, where e.g.
it is purely spatial. This current vev in a sense retains information about what happened in the
early universe, which didn’t dilute away completely; hence, “persistence of memory”.
Let us describe this in more detail. To do this, it is convenient to use conformal global
coordinates, which cover all of de Sitter. In these, the metric is given by
ds2 =
1
cos2(χ)
Ä
−dχ2 + dΩ2d−1
ä
, (B.20)
where the conformal time coordinate χ lives in (−pi/2, pi/2) and the spatial slices are (d − 1)
spheres.
Figure 6: A depiction of the conformal diagram of de Sitter space. The flat coordinates (B.2)
only cover half of the spacetime (they do not cover the part shaded in blue). Global coordinates
(B.20) cover all of spacetime. Surfaces of constant χ would be horizontal lines in the picture,
while surfaces of constant τ asymptote to the past cosmological horizon of the patch they cover
(the top left to down right diagonal line).
Suppose the universe nucleates into existence (has a Big Bang) at some particular initial
timeslice. We will take this to happen at a constant global timeslice χBB, but the main lesson is
actually independent of the choice of timeslice. This choice breaks the dS isometries, and when
computing the bubble nucleation rate, one should stop integrating at the Big Bang. The number
of bubbles that reach a static observer at a later time χ (ignoring backreaction, for simplicity)
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can be computed as the volume of the lightcone times the nucleation rate Γ, so (in d = 4),
dN
dt
= 4piΓ cos(χ)
∫ χ
χBB
sin2(χ− χBB)
cos4(χ)
=
4pi
3
Γ
sin3(χ− χBB)
cos3(χBB)
, (B.21)
where we have stated the result again in terms of proper time t. Notice that, with finite χBB,
the result at late times is actually independent of χBB and finite,
lim
χ→pi/2
dN
dt
=
4pi
3
Γ, (B.22)
while if we take χBB → −pi/2 first (which would correspond to a truly eternal de Sitter,
with no Big Bang), the result diverges due to the volume factor in the denominator. This
noncommutativity of limits is the technical manifestation of persistence of memory. Sending
χBB → −pi/2 first corresponds to integrating the bubble nucleation rate over all of the past light
cone of a point. This is a manifestly de Sitter-invariant way of computing dN/dt, so of course,
it must produce a dS-invariant answer; but the only dS-invariant “values” of dN/dt are zero or
infinity, so that’s why the result diverges.
By contrast, sending χ → ∞ yields a finite value; at very late times, all the information
about the Big Bang has been diluted away, except for the fact that nonzero dN/dt tells us that
there was a Big Bang in the first place (or, at the very least, that the system does not enjoy de
Sitter invariance). We assume this is the situation in this paper; because of the Big Bang, or for
whatever other reason, there is a nonzero but finite dN/dt, which breaks de Sitter invariance,
but the magnitude of dN/dt forgets the details about the initial timeslice. This justifies using
open slicing (B.2) and only integrating over half of the dS; it corresponds to having a Big Bang
at τ = −∞, and it leads to particularly simple computations. As we have just explained, the
result at late times is independent of this choice.
C Constraints on Hawking-Moss
In the Hawking-Moss (HM) transition [10] the universe tunnels from a local minimum to a
local maximum and it happens everywhere at once. This spatial homogeneous transition can
be interpreted [40] as a thermal fluctuation of a horizon-sized region up to the top of the
barrier, followed by the rolling of the field down to the true vacuum. It also has an entropic
interpretation [41] since it can be shown to be completely determined by the gravitational
entropy of the system. Another characteristic of the HM transition is its relatively small decay
rate given by [10,40]
Γ . H4 exp
Ç
1
Vi
− 1
Vtop
å
∼ Λ2 exp
Å
−δΛ
Λ2
ã
, (C.1)
where in the last step we have used that the height of the potential barrier δΛ ≡ Vtop − Vi is
small compared to the initial vacuum energy Λ = Vi ' Vtop. Otherwise, the transition will be
dominated by thin-walls. This decay rate corresponds to a transition time which is greater than
the Hubble time. This suggests that a HM transition in which the physics does not change
drastically can only be marginally consistent with TCC, since it might still allow for an originally
subplanckian mode of the first vacuum to become Hubble-sized after the transition. One might
attempt to resolve this tension by requiring the physics in the two vacua to be sufficiently
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ϕcϕi ϕf
Λ
Λ−∆Λ
Λ + δΛ
Figure 7
different so the fluctuations in one can no longer be expressed in terms of long-wavelength
fluctuations of light degrees of freedom in the other. The distance conjecture suggests that for
this to be true, the field must traverse a trans-Planckian range. In the following we show that
even trans-Planckian field ranges do not mitigate the tension between HM transition and TCC.
We consider the potentials of the form shown in figure 7. Suppose ∆Λ is the energy difference
between the initial and final vacua and δΛ is the height of the potential as shown in figure 7.
Under some circumstances, the TCC implies the refined dS conjecture up to some logarithmic
corrections which can be neglected for order of magnitude analysis. We will come back to the
required condition and check them later. For now, we assume the refined dS conjecture is true,
|V ′′|
V
> O(1). (C.2)
If we estimate the potential interpolating between the two vacua with an inverted parabola, we
find
ϕf − ϕi '
√
2(
√
δΛ + ∆Λ +
√
δΛ)»
|V ′′|
. (C.3)
As we discussed in the previous section, ∆Λ . δλ corresponds to the thin-wall approximation.
Therefore, for Hawking-Moss transition we need ∆Λ & δλ. Using this inequality we can simplify
(C.3) to find
ϕf − ϕi ∼
√
∆Λ
|V ′′| . (C.4)
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Plugging this into (C.2) leads to
∆φ = ϕc − ϕi < ϕf − ϕi .
 
∆Λ
Λ
, (C.5)
and from ∆Λ < Λ, we find
∆φ ≤ O(1). (C.6)
Thus, for the potential to be consistent with the TCC the field range must be sub-Planckian, but
as we discussed in the beginning of the section, this poses a tension with the other swampland
conjectures, in particular the Distance Conjecture.
Now we go back and check the assumptions we made to get (C.2). In [27] it was shown that
in d spacetime dimensions, the TCC would imply the refined dS conjecture if
∆φ ≥
B1(d)B2(d)
3
4V
d−1
4
maxV
3
4
min ln
(
B3(d)√
Vmin
) 1
2
VminB2(d)− |V ′′|max ln
(
B3(d)√
Vmin
)2 , (C.7)
where Vmax and Vmin are respectively the maximum and the minimum of V over φ ∈ [φi, φc],
and B1(d), B2(d), and B3(d) are O(1) numbers given by
B1(d) =
Γ(d+12 )
1
2 21+
d
4
pi
d−1
4 ((d− 1)(d− 2)) d−14
,
B2(d) =
4
(d− 1)(d− 2) ,
B3(d) =
 
(d− 1)(d− 2)
2
. (C.8)
We show that either the above condition holds and henceforth (C.2) is true, or the field range is
sub-Planckian. Since we proved (C.2) leads to a sub-Planckian field range, this would prove that
in either case the field range must be sub-Planckian which is our final desired result. We prove
this claim by contradiction. Suppose |V
′′|
V << O(1) and ∆φ is trans-Planckian, in particular
∆φ >> Λ
1
2 . We show that this leads to a contradiction.
Since |V ′′| << V the denominator of RHS in (C.7) is dominated by V . Moreover, δΛ .
∆Λ < Λ, thus Vmax ∼ Vmin ∼ Λ. Plugging in Vmax ' Vmin ' Λ and neglecting the O(1) terms,
including the logarithmic terms, makes (C.7) take the following form.
∆φ . Λ 12 , (C.9)
which is in contradiction with ∆φ > O(1). This proves our claim by contradiction. To summarize,
we showed that for the Hawking-Moss transition to be consistent with the TCC the field range
traversed during the transition must be sub-Planckian. But then, there is no reason to expect the
physics to drastically change after the HM transition, and we run into the problems explained at
the beginning of the section: the lifetime associated with HM is of order or greater than Hubble,
which might exceed the TCC time getting into tension with the conjecture.
Note that we assumed that second-order expansion around the peak of the potential reason-
ably approximates the ridge of the potential. One could argue that this makes our derivation
somewhat model-dependent.
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